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A VARIABLY L O C m  COH- MASS 

By Herbert C. Helson and John E. Tomassoni 

The results  obtained from 95 e u b ~ o n i c   f l u t t e r   t e s t s  which were 
conducted in   t he  Langley k.>foot f lu t te r   research  tunnel on untapered 
cantilever w i n g s  wfth eweepback angles of Oo, 45O, and 60° and carrgiw 
a single concentrated  weight are presented. The weight used thro@out 
the ser ies  of t e s t s  WBB 14 percent  heavier  than  each wing. A primary 
purpose of ' the  investigation was to  present  experimental 1-nformation t o  
b e  used as a basis for  evaluating  analytical  procedures fo r  determining 
the   f l u t t e r  speed of weighted  sweptback wings. 

The weight was mounted a t  a series of  spanwise positions on the 
leading edges and on the midchord lines of the wings. The r e su l t s  of 
t h e   t e s t s   i n  which the wings were weighted at the leading edge Indi- 
cated  that  the f l u t t e r  speed was p e a t l y   e f e c t e d  by t h e  spanwise 
position of the weight  and, i n  these cases, the change in  sweepback 
did  not  appreciably alter t h e   f l u t t e r  speed. For the  cases  in which 
the  wings were  weighted a t  the midchord, an increase in  sweepback 
generally  caused an increase i n  t h e   f l u t t e r  speed and, as the sweep 
anGle w a s  increased, the effect  of the spanwise weight position became 
more pronounced. The results are presented in the form of  plots of 
f l u t t e r  speed and frequency as a function of spanwise w e i g h t  posit ion 
f o r  the sweepback angles  tested.. 

The purpose of this paper is to  present  experimental data on the 
f lu t t e r   cha rac t e r i s t i c s  of sweptback untapered  cantilever wings 
carrying  concentrated  weights. These data were obtained from 95 
f l u t t e r   t e s t s  conducted i n   t h e  Langley &.>foot flutter  research  tunnel 
on wings, each  carrying a s ingle  weight at a ser ies  of spanwise 
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weight of concentrated weight, pcnmds 
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sweep angle,   posit ive  for sweepback, degrees 

distance between elastic axis  and center of gravity of 
wing section,  referred  to  half+hord 

distance between e l a s t i c  axis of wfng section and center 
of gravity of weight, referred  to  half-chord,  negatfve 
f o r  forward w e i g h t  location 

mass moment of inertia of wlng section &bout f ts  center 
of gravity,  inch-pound4econd2 per Inch 

mass moment of Ine r t i a  of w i n g  section about i t s  e l a s t i c  
axis, inch-pound-second2 per inch 

mass moment of i n e r t i a  of wefght  about an axis para l l e l  
t o  lea- edge through its center of gravity, inch- 
pound-s ecand2 

bending r ig id i ty  of wiq section, pound-inch 2 

tors iona l   r ig id i ty  of wing section, pound-Inch 2 

mass of wing per   uni t  length, slugs  per foot 

nondimensional radius of gyration of wing section  about 

i t s  e l a s t i c  axis (E> 
dynamic pressure a t  f l u t t e r ,  pounds per square foot 

air  density, slugs per  cubic  foot 

true-stream  velocity at  f l u t t e r ,   f e e t  per second 

mass r a t i o  (m> xpb2 

s t ruc tura l  damping coefficient i n  degree of freedom 
indicated by subscript 

angle of attack of wlng section,  positive leading edge up 

bending  deflection of wing section at elastic axis, 
posit ive downward 



4 RACA RM 

The elastic a r i s  and center of epgvity of the w i n g  sectiana vere 
located at midchord. Because of the type of zmunt wed in the Investi- 
gation, it raa neceseary t0 m e  three wlng models, each havlng the 8ame 
properties, except as changed by the sweepback angle. 
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Two weights which were essent ia l ly  the same were used; one w a s  
mved along the leading edge and the other, almg the midchord line of 
each model. The properties of the weights were &s follows: 

Le-dge weight I Midchord weight 

w,, pounds 0 

0 -1.0 
+ . e * . . .  

3.12  3 .12  

The two weights were each about 14 percent heavier than the wing. 
Vibratian  records of the bending and torsfanal osci l la t ions of the 

w i n g  during f l u t t e r  w e r e  obtained  electricallg by the use of strain 
gages cemented an the wing. The straln gages were connected through a 
system of bridges and amplifiers t o  a recording  oscillograph. Two 
sets of gages were used 011 each d e l .  One set of gages w a s  munted 
on the midchord line approximately 4 fnches from the root and the 
other, on the  same line about 4 inches from the t ip .  The approximate 
location of the s t r a i n  gages is i l l u s t r a t ed  as follows: 

The squares represent the bending gages snd the circles ,   the   tors ian 
gages. The numbers 1, 2, 3, and 4 represent the root-torsian, root- 
bending, t i p t o r s i o n ,  and tip-bending gages, respectively. 
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The system used In obtaining the  proper p h a s e 0  relatianship 
between the banding and torsional &tresses of the wing 88 recorded in 
table  I is 88. fo l lm . :  . .  

Mdchord 
0 

mailing edge 
1 

L c.g. of KLng sectfan 

Sec t im  Rd 

The preceding  sketch shorn the relative d i rec t lms  of positive 
bending (h) and taraiozml (a) displacements of the eectian. A 
couple, which twisted the wing'dn the positive ctdirectim, was applied 
a t  the t i p .  This action Induced positive -st at each section of the 
wing; therefore, the direction i n  W c h  the tareiab-gsge traces ntoved 
on the cazillograph  record for  posit ive t w i s t  at the gage stations was 
obtained. A force va8 then applied,. whfch deflected the t i p  in . t h e  

p o s i t i v e   M r e c t i o n ,  thus producing positive bemding curvature at each 
sectfan of the wing; therefore, the directicH1.b m c h  the bendinggage 
t races  mved 011 the  oscillogrsph  record for positfve bending curvature 
a t  the gage statim was determirred.. Thus, the phase-angle 
relationships between the strafn-gage trace6 cm the oscillograph  record 
for  posit ive  torsional and bending stress at the BBge etatlcrms was 
established, Each mdel vas treated in the same maaner. The root- 
torsion-gage t r a c e  was used as a reference. the traces OP the other 
gages were displaced in the ~ a m s  direction as the referent- e t r a c e  
for poeitivs %st or bending curvature, they were In phqse (0 1; i f  
not, they were out of phase (1800). The f o U w  table @pes the 
results of the  calibration: 

7 
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Phas-le relationship 
Model 

Gage 1 cege 4 Cage 3 GBge 2 

A 

O0 O0 O0 Reference C 

180° O0 1800 Ref ermce B 

l8Oo O0 180° Reference 

A 

The way in which t h i s  t ab le  w a s  used is i l l u s t r a t ed  Kith the  afd of the 
following sample oscillograph record: 

Calib, 

Root tors ian Root bendfng  Tip tors ian Tip bending (100 
cage 1 Gage 2 Gage 3 w e  4 freq 

If the  record is assumed to  be  obtained f r o m  any one of the models, the 
phase-angle relationship betwean the bending and torsional s t r e s s e s  of 
the model at  the strain gages would be  obtained as follows: 

Model Gege 4 Gage 3 cage 2 Gage 1 

A 

180° 180' 180° Reference c 
O0 180° O0 Reference 

The gage traces on the sample oscillograph  record a r e  nuzribered and 
labeled and for all the recorda of figure 1 and data of teble  I the 
ident i f icat ion is the same. 
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The variation of the f lu t te r   ve loc i ty  with spanwise  weight position 
for  the  canfiguratians weighted a t  the leadlng edge  and those weighted 
at  the midchord are show in figures 4(a) and 4(b),   respectivelr .  

The mdels  used in the series of tests were s o l i d  met&l.cantilever 
wings wlth thin rectangular  cross  sectians and could easily be  reprc+ 
duced in case   f lu t te r  proved t o  be destructive. These madels were of 
such a nature that they  f luttered at  low Mach numbers. The l i f t i n g  
characterist ics of the a i r fo i l   s ec t ion  used a r e  approximately the same 
as those of a conventional airfoil with the exceptian that flow  separa- 
tion  associated  with  the s t a l l i n g  cmditfan  occurs at a lower angle of 
attack.  Since  the  mdel w a s  mounted at essent ia l ly  a zero angle of 
attack, it is very  unlikely that t h e   f l u t t e r  speed w&8 appreciably 
influenced by this separation effect. 

The first three natural frequencies,   the  f lutter frequency, and 
the   f lu t te r   ve loc i ty  of each mdel configuration tested are  given  in 
table  I. The quantit ies have been plotted in figures 3 and 4. The 
figures show that, in general, a marked change in f l u t t e r  frequency 
and a large  increase  in   the  f lut ter  speed  occurred when the weight was 
located between 40 and 80 percent of the wing 1-h. 

The var ia t ian In f l u t t e r  velocity due t o  a varfation of sweepback 
f o r  a given  chordwise and spanwise position of the  weight is sham in 
f igure 4. The second and th i rd   na tura l  modes of vibration of the 
mdels  weighted a t  the  leading edge (ffg. 4(a)) were of a highly coupled 
nature as shown by figure 2. Apparently t h i s  l a r g e  amount of coupling 
had a greater   effect  on the f l u t t e r  speed than did sweepback. In 
general, for t h i s  l ead iwdge  weight position,  variation in sweepback 
did  not  cause a large difference in  f l u t t e r  speed. The major ef fec t  on 
the   f l u t t e r  speed of the mdels weighted at  the  leading edge w a s  due 
t o  the  spa~wise  location of the weight. 

In f igure   4 (b)   the   f lu t te r   ve loc i t ies  of the   mdels  weighted a t  
the midchord are  presented. In this case the m88s coupling was rela- 
t i ve ly  small. As is noted in figure 4(b), the   effect  of sweepback w a a  
m r e  pronounced. The f l u t t e r  velocity  cf the unswept wing was not 
greatly  affected by spanwise w e i g h t  position. When the wing w a s  swept 
back, however, spanwise  weight position  did have an effect;  probably 
because sweepback induced  an amount of coupling which w a s  fur ther  
increased by the  addition of the weight t o  the Kfng. 

An unswept  wing carrying a s ingle  weight Q I ~  the leading e w e  w a s  
experimentally  investigated  in  reference 3 and analytically  investigated 
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Two f lu t t e r  speeds were obtained f" the unswept, tanweighted 
wing. Ih the neighborhood of the lower f lu t te r  speed the flutter YCLB 
not of a destructive nature rcnd the lower a p e d  range could be exceeded 
and  the higher f lut ter  speed obtained. The flutter  occurring at the 
lower speed appeared to Involve a significant amount of wlng secand 
bending, and at  the hlgher speed the model appeared t o  vlbrate v q  
little in bending and its motian YTae predmdnantly t o r 6 i ~ . .  The 
unweighted, unswept vas the cmly model far w M c h  t w o  f l u t t e r  
veloci t ies  w e r e  recorded. All other f l u t t e r  velocities mpor-ted herein 
were the lowest values obtained regslrdless .of the violence of the 
f l u t t e r  . 

In table I s e v e r a l  of the recorded f lu t teF  frequerncies are marked. 
The f lu t t e r  i n  these c-es w a ~  of an unusual. nature. (See fig.  1.) 
Consider run 71, for  -le, in which case two d i s t l m t  frequencies 
were obtained simultaneously E t  f l u t t e r .  This case was unexpected 
since flutter usually involves CPiLy m e  frequency or, In ~ n m e  caseB, 
occura with a burst  of m e  Frequency, then a burst of a different 
frequency. R u n  71 (weight at  41.67 percent 2 ) was not an isolated 
case unrelated t o  those in which the wefght po8ftt;ia-n wae nearby 011 

either  side. As the veight wa8 med spanwfse (rum 67 t0 74) the 
model erperiensed a change in flutter mcde. The anq?litude of the t i p  
gage traces d-lm-lnished as the weight was w e d  tovard the t i p  of the 
wing (runs 67 t o  70). Ib run 71 the t i p  traces Came in at a higher 
frequency, and a high frequeucy persisted an the tfp trsCes In TUI~B 73. 
t o  74. The root k a c e ~ ,  an the other hand, had a re lat ively ccrmstaxt 
amplitude and frequency in runs 67 to 71 and then were  Inactive in 
runs 72 to 74. Ch the basis of the rec0rd.s presented in figure I, 
run 71 can be considered t0 be part of 8 flutt-de chauge. 

. 

.. . 
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Table I contains the phas-le relationships between the 
torsional and  bending stresses of the second and third natural f’requen- 
c ies  and the f l u t t e r  Illodes of vibration  of  each of the models tested. 
The phase  angles pertaining t o   t h e   f l u t t e r  modes were read from records, 
portions of which are shown in  figure 1. The phase angles pertaining 
to   t he  natural modes were read from records  not  appearing  in this paper. 
A l l  the phase angles were obtalned using the  system i l l u s t r a t e d   i n  the 
section on apparatus. It should  be  kept  in mind that these  phase angles 
r e l a t e   t he  Xing stresses at the gage s t a t i m  and not the  deflections. 
In  order  to  obtain a deflection  curve, the spanwise stress o r  moment 
distribution must be ham. Since t h e  wings tes ted  carr ied only two 
sets of gages, t h i s  spanwise dis t r ibut ion was not  obtained. Thus, if 
the t i p  and root bending s t resses  are out of phase, it merely indicates 
that there is a t  least one inf lect ion  point   in   the mode shape but  not 
necessarily a nodal  point. On the records i n  figure I, the various gage 
t races   are  marked Kfth their appropriate  attenuations.  Since  the ampll- 
tude  of the gage t race is inversely  proportional  to its attenuation  for 
a given stress and the amplitude is directly  proportional  to the stress, 
the bending moment at the root  may be etpproximately r e l a t ed   t o  the 
bending moment at t h e   t i p  and the  torque at the  root  to  the  torque at 
the t ip .  The re la t ive  bending  mments and torques and the phase angles 
between bending and torsion at two stat ions on the wlng can glve no 
direct  information as t o  the f l u t t e r  mode but might be used as a check 
on results obtained  analytically. 

The large amount of  coupling  present when the w e i g h t  w a s  located 
on the  leading edge of the wings is clearly illustrated by the sketches 
shown i n  figure 2. Rote that the thi rd natural frequency w a s  of a 
torsional  nature when the wefght  waa near the root  but changed t o  one 
of a second4ending  nature as the w e i g h t  neared the t i p  of  the w i n g ,  
and, conversely for   the  second natural frequency.  Figure 2 a l so  serves 
t o  illustrate that sweepback alone Induced  coupling. 

The sketches of the mdela indicate that the roots were pa ra l l e l  
t o  the  air  stream. An investigation of the  effect   of  a change i n  root 
r e s t r a fn t  on the models tested would be  desirable. 

The effect  of sweepback on the f lu t t e r   cha rac t e r i s t i c s  of a uniform 
cantilever wing carrying a concentrated  weight has been experimentally 
investigated. The resu l t s  as presented may be used in  conjunction  with 
analyt ical  methods of predicting the f l u t t e r  speed of sweptback wings 
carrying  concentrated  weights t o  indicate   the  val idi ty  of the methods 
used. 
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Langley Aeranautical Laboratmy 
National Advisory Committee far Aerauautlcs 

Langley Air Force Base, Va. 
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. f o r  runs- 8 and 9 - 
. . .  .... 

(a) mdel A; A = 0'; % = -1. 

Figure 1.- Oscillograph recorb taken at f lut ter .  , 
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.. ... (c) Model B;: A = 45', e, = -1. 
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Figure 1.- Continued. 
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/1 """ 

I 27.m 

I 33.33% 

I 44.- 

I 55.m 

I 8 3 . 3 4  

(a) W w e p t ,  untapered wing; % = -1. 

Figuxe 2.- Progressive change in  nodal lines with s p a a r i a e  weight position. 
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(b) Model A; A = 0'; + = 0. 

Figure 3.- Variatfon of fir& three natural frequeoclepr .and f l u t t e r  
frequency w i t h  w e i g h t  position fo r  the VsriouEl mdel~ tested. 



Dlstmos of n l g h t  f r o m  mot, percent 1 

(c) Model 8; A = 45'; % = -1. 

D l 6 t ~ c e  or Wight from root, percent I 

(a) Model B; A = 45O; e, = 0.  

Figure 3.- Continued. 
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(a) + = -1. 

F i g ~ r e  4.- Variation of flutter velocity with weight poeition for 
varioue anglee of meepback. 
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(b) % = 0. 

Figure 4.- Conchded. w 
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